Abstract: Boreal ecosystems contain a substantial fraction of the earth's soil carbon stores and are prone to frequent and severe wildfires. In this study, we examine changes in element and organic matter stocks due to a 1999 wildfire in Alaska. One year after the wildfire, burned soils contained between 1071 and 1420 g/m 2 less carbon than unburned soils. Burned soils had lower nitrogen than unburned soils, higher calcium, and nearly unchanged potassium, magnesium, and phosphorus stocks. Burned surface soils tended to have higher concentrations of noncombustible elements such as calcium, potassium, magnesium, and phosphorus compared with unburned soils. Combustion losses of carbon were mostly limited to surface dead moss and fibric horizons, with no change in the underlying mineral horizons. Burning caused significant changes in soil organic matter structure, with a 12% higher ratio of carbon to combustible organic matter in surface burned horizons compared with unburned horizons. Pyrolysis gas chromatography -mass spectroscopy also shows preferential volatilization of polysaccharide-derived organic matter and enrichment of ligninand lipid-derived compounds in surface soils. The chemistry of deeper soil layers in burned and unburned sites was similar, suggesting that immediate fire impacts were restricted to the surface soil horizon.
Introduction
Boreal ecosystems are one of the largest terrestrial reservoirs of organic carbon (C) and are prone to relatively frequent and severe wildfires . In boreal regions, low temperatures, recalcitrant soil organic matter (SOM), and high soil moisture content all favor the accumulation of thick, organic-rich surface horizons (Hobbie et al. 2000) . Wildfires that penetrate soil organic horizons reverse the accumulation of surface SOM. Wildfires also affect nutrient content and availability in boreal ecosystems through the combustion losses of nitrogen (N) (e.g., Harden et al. 2002) and changes in noncombustible element content (e.g., Brais et al. 2000; Harden et al. 2004) . As soils burn, the chemical structure of SOM can be altered through partial combustion or alteration of SOM and through the production of highly recalcitrant black C (Czimczik et al. 2003; Gonzáles-Pérez et al. 2004; Knicker et al. 2005) . Changes in soil structure can also influence decomposability (Bååth and Arnebrant 1994; Baldock and Smernik 2002) and hydrophobicity (DeBano 2000) . Loss of C from boreal soils during and after burning is not only an important determinant of forest C budgets (Harden et al. 2000) but also one of the more uncer-tain terms in C balance calculations (French et al. 2004 ). The uncertainty in wildfire impacts on C occurs because boreal forest soils are highly heterogeneous, with soil moisture that can range from very dry to saturated in the space of a few hundred metres, affecting both fuel loads and water content (e.g., Ottmar et al. 2003) . SOM stocks can vary spatially (and substantially) even underneath the same dominant vegetation type (e.g., Harden et al. 2004) , and fire impacts typically vary with wind and weather conditions (Hinzman et al. 2003) . For all these reasons, there is significant variability in the combustion losses of soil C and nutrients during wildfire and estimates of SOM, C, and nutrient changes associated with fire remain highly uncertain.
Fire plays a critical role in the energy and C balance of boreal forests (Kasischke et al. 1995) . Under modern climates, fires occur with return times of 50-500 years in boreal forests but these rates are predicted to increase in both frequency and severity in a warming climate (Flannigan and Harrington 1988; Flannigan et al. 2001) . Fire-initiated releases of C can exceed net primary production (NPP) for a number of years before C begins to accumulate in a burned site (Kasischke et al. 1995; French et al. 2002; O'Neill et al. 2002 O'Neill et al. , 2003 . The magnitude and timing of C loss varies across ecosystem types and between surface and deep soils (Goulden et al. 1998; Rapalee et al. 1998; Harden et al. 2004) .
Boreal soils typically contain a range of SOM horizons ranging from fresh detrital surface horizons to deeper humified layers, with deep (>50 cm) SOM horizons protected from decomposition by cold temperatures. Through time, the production of recalcitrant surface SOM and the thermal insulation of deep soil layers, leads to the accumulation of deep organic mats in many boreal ecosystems. Fire interacts with boreal C accumulation in several ways. First, fires combust SOM, reducing the depth of, or eliminating, surface organic horizons. Second, fires produce black C, a highly recalcitrant, biologically inert material that may, through time, lead to net C storage in the deeper layers of boreal soils (Kuhlbusch and Crutzen 1995) . Third, boreal fires may change the structure of SOM, altering chemical composition (Czimczik et al. 2003 (Czimczik et al. , 2005 Knicker et al. 2005) , increasing noncombustible elemental and nutrient abundance ) and potentially increasing (e.g., Raison 1979) or decreasing (Treseder et al. 2004 ) N availability.
One of the central, but most poorly understood, issues in the role of fire in boreal C exchange is how surface soil C and nutrient stocks are affected by combustion, both in the context of elemental abundance and SOM composition. In relatively dry soils, there is a large potential for C loss due to ignition of SOM horizons during combustion, but wet soils are also susceptible to combustion (and may have larger stocks that can burn). For SOM composition, SOM may be altered due to differential loss of specific compounds in SOM and (or) creation of novel fire products (reviewed in Gleixner et al. 2001; Gonzáles-Pérez et al. 2004; Certini 2005) . Estimates of ecosystem C loss due to fire are substantially affected by variability in ground layer C loss calculations (Kasischke and Bruhwiler 2002; French et al. 2004) , and uncertainty in postfire SOM dynamics result, in part, from incomplete understanding of the structural changes in SOM that take place during fire.
In this study, we used a variety of methods to assess changes in SOM, C, and nutrients as the result of a wildfire. These methods include field studies of soil C, nutrient content, and bulk density in burned and unburned areas of a 1999 fire in interior Alaska. We then carried out a more detailed examination of an unburned and burned vertical soil profile using thermogravimetry (TG) and pyrolysis gas chromatography -mass spectroscopy (py-GC-MS) techniques to assess the compositional SOM changes in SOM during wildfire.
Materials and methods

Site description
The sites used in this study were located near Delta Junction in central Alaska, approximately 115 miles southeast of Fairbanks. The area is covered by black spruce (Picea mariana (Mill.) BSP) forest within the Jarvis West Training Area of Fort Greeley, Alaska. The site burned on 13 June 1999 during the Donnelly Flats fire that consumed approximately 7600 ha of black spruce near Delta Junction, Alaska. The fire intensity was moderate to severe, leaving about 1-2 cm of an organic layer in some areas and burning down to the mineral soil surface in other areas. The soil at the Donnelly Flats site is well drained, with approximately 30 cm of loess soil on top of a glacially deposited gravel layer . The control site is approximately 1.6 km to the southeast (63°53.322′N, 145°44.439′W), also in Jarvis West Training Area. In both the control and burn areas, ground layer vegetation consists primarily of feathermosses (Hylocomium splendens and Pleurozium schreberi) and reindeer lichen (Cladina spp. and Cladonia spp.). Fibric and humic organic layers are approximately 25 cm thick, which is slightly thinner than soil in typical mature stands in the area (O'Neill et al. 2003; Manies et al. 2004 ). The black spruce at both sites had an average height of 4-5 m (although one stand is dead and the other alive) and were about 60 years old or younger (K. Manies, unpublished data). The two sites are referred to as "recently burned site" and "unburned" through the remainder of the manuscript, though it should be understood that the "unburned" site would have burned at some point over the last 100 years.
Soil sampling
Soils were sampled along 200 m long transects within the footprint of eddy-covariance towers that were measuring CO 2 exchange Liu et al. 2005) . Soils were described according to Soil Survey Staff and Canadian classifications of organic soils (Canadian Agricultural Services Coordinating Committee 1988; Soil Survey Staff 1998) . Soil horizons were sampled for both bulk density and chemical analysis (see details in USGS Open File Report by . Bulk density, SOM, C, and nutrient contents were measured on eight replicate profiles on the unburned (control) site and six profiles on the burned site.
In addition to the replicated sampling, a selected profile, one each from the burned and unburned sites, was chosen for measurement of SOM composition using both TG and py-GC-MS. TG provides an intermediate level of detail between SOM and total C (TC) measurements and the detailed molecular analysis by py-GC-MS. At each profile, we made measurements in the surface layer (typically dead moss), the fibric layer, and at the humic -A horizon interface. We used these measurements to examine the degree to which wildfire had altered the organic structure of each soil horizon and whether the effects of fire were evenly distributed through the soil profile. The characteristics of the three horizons were as follows: The first layer was composed of a slightly decomposed organic layer with roots corresponding to the upper dead moss layer in the forest classification systems or fibric, Oe horizon. The second layer was the lower dead moss layer, or mesic Oe horizon, and was characterized by moderately decomposed SOM with significant root content. The third layer was taken at the interface of the humic horizon and the A horizon and includes both highly humified SOM and some contribution of underlying sandy loam soils.
SOM and nutrient analysis
TC and N were combusted at 1200°C in a stream of oxygen. TC measurements were made using either a LECO carbon analyzer (WR-112) or a Fisons NA1500 elemental analyzer. Elemental concentrations were calculated based on instrument responses for calibration standards, including ethylene diamine tetraacetic acid (EDTA), and marine and river sediment standards (see Harden et al. 2004 for more details). Between 1 and 30 mg of sample was used for these analyses depending on the expected C concentration. Percent SOM was analyzed by loss on ignition (LOI). Samples for LOI were placed in platinum crucibles and heated to 550°C for 5 h and measured for percent mass loss.
Calcium (Ca), potassium (K), magnesium (Mg), sodium (Na), and phosphorus (P) were measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). Samples were decomposed using a mixture of HCl, HNO 3 , HClO 4 , and HF acids at low temperature (Crock et al. 1983 ). The digested sample was aspirated into the ICP-AES discharge, where the elemental emission signal was measured simultaneously for several elements. Calibration was performed by standardizing with digested rock reference materials and a series of multielement solution standards.
Thermogravimetry
TG measurements involve the slow pyrolysis of SOM and continual measurement of sample mass. TG of the samples recorded the mass loss of the sample heated in a stream of oxygen. This analysis was performed with a TGA851e (MettlerToledo, Giessen, Germany) following methods described in Gleixner et al. (2002) . About 10 mg soil was weighed into 150 µL aluminum oxide sample cups. The samples were placed at 60°C in the TGA and flushed with a constant flow of 80 mL O 2 /min. After 25 min the sample was heated at 20°C/min to a final temperature of 1000°C. To reach thermal equilibrium, the temperature was held for 5 min. Changes in the rate of mass loss (the first derivative of mass) can be used to examine compositional differences in soils. Following Harden et al. (2004) and Marshall et al. (2002) , we normalized the rate of mass loss to total SOM and then calculated the total mass lost in three discrete temperature bands. These bands include the S1 band (between 150 and 300°C), the S2 band (between 300 and 500°C), and the S3 band (between 500 and 1000°C).
Py-GC-MS
Five subsamples of each soil were pyrolyzed to determine the organic composition of burned and unburned soils. The samples (0.2-10 mg) were pyrolyzed (9.9 s) in a 0316 Fischer pyrolyzer using a ferromagnetic tube with a Curie temperature of 590°C. The pyrolysis products were transferred online to a Hewlett-Packard 5890 gas chromatograph. The interface temperature was set to 250°C, following split injection (split ratio 10:1, flow rate 1.6 mL/min). The pyrolysis products were separated on a BPX 5 column (60 m × 0.32 mm, film thickness 1.0 µm) using a temperature program of 36°C for 5 min, 5°C/min to 270°C, followed by a jump (30°C/min) to a final temperature of 300°C. The injector temperature was set to 250°C. The column outlet was coupled to a fixed splitter for spectroscopic determination of compound identity and 13 C content (split ratio 1:9). The results of stable isotope determination of these samples are not presented here. The minor proportion of the GC eluates after the fixed splitter was transferred to an ion-trap mass spectrometer (ThermoQuest GCQ, ThermoElectron Corp., San Jose, California, USA) operated at 70 eV. The transfer line was heated to 270°C and source temperature was held at 180°C. Pyrolysis products were identified by comparison with reference spectra using GCQ identification software 2.2 and NIST and Wiley 6.0 mass spectral libraries. Additionally, external standards and reference spectra from the literature were used (Hempfling and Schulten 1990; Ralph and Hatfield 1991) . To analyze py-GC-MS data, we quantified all peaks above a detection threshold of 100 mV. These peaks were then characterized as known or unknown compounds by comparison against a National Institute of Standards and Technology library of known compounds supplemented with information from py-GC-MS analysis of soils. Following peak identification, we associated each compound with a polysaccharide, lignin, or lipid precursor molecule. This was not possible in all cases but we were able to identify 12 compounds derived from polysaccharides, 8 compounds associated with lignin, and 12 compounds associated with lipids. These three broad compound classifications were used for subsequent evaluation of soil chemical changes.
Calculations of SOM combustion
Calculation of combustion losses followed eq. 2 of Harden et al. 2004 :
Tau emission of C = (Tau C) × (C in composite fuel) where Tau is the net gain (+) or loss (-) of element; S is a stable constituent assumed to be conserved during burning; the parentheses refer to the element used for S. The subscript "u" refers to unburned, and "b" refers to burned; C is the combusted element. Accounting of Tau and composite fuel is for soil layers subject to combustion, for example, to the base of the dead moss layers for this study. Composite fuel is defined ) as depth-weighted average for profile. We used aluminum (Al) as the stable constituent but note that calculations based on iron (Fe) and on ash (1 -loss on ignition) resulted in similar estimates. Estimates compare reasonably well with other mass reconstruction methods (Turetsky and Weider 2001; Harden et al. 2004 ) in which noncombustible elements are used.
Statistical analysis
We examined changes in SOM stocks using one-way analysis of covariance (ANCOVA). For these tests, we summed SOM or element concentrations to the top of the mineral horizon (A horizon) and carried out statistical analyses on an area-weighted (g/m 2 ) content of SOM, C, N, Ca, K, Mg, and P. To calculate aerial estimates of these quantities, we used soil depth and bulk density values for each soil horizon in each replicate plot (total of eight profiles in the control site and six in the recently burned site). Because of large variability in soil depth, we included soil mass (the product of bulk density and soil thickness) as a covariate in the analysis. Differences in soil element concentrations between recently burned and unburned sites were evaluated with ANCOVA, using soil mass as a continuous predictor variable and burn history as a categorical variable. To examine differences in C:LOI ratios in recently burned and unburned soils, we used a two-way factorial design with soil depth (dead moss and fibric horizons) and burn history as the two main effects.
The A horizon was not used in this analysis because of issues associated with water loss from minerals during LOI determination. Means were then compared using a post hoc honestly significant difference (HSD) test for unequal sample sizes. All statistical tests were performed with Statistica version 7.0 (StatSoft Inc., Tulsa, Oklahoma, USA).
Results
Soil C and N content
Wildfire resulted in the disappearance of recognizable surface soil horizons. Both lichen and live moss layers disappeared in burned soils, and the litter horizon no longer contained recognizable unburned plant material and instead consisted of fragments of partially charred material deposited to the soil surface during or immediately after the fire (Table 1) . Overall there were significantly lower stocks of SOM and C on the recently burned site compared to the unburned sites, but not statistically significant changes in N, Ca, K, Mg, or P (Table 2) . In all cases, soil mass was a significant covariate in the statistical analysis ( less SOM and over 1000 g/m 2 lower C pools on the recently burned versus unburned sites (Table 3 ). The difference in stocks corresponds to approximately 42% lower SOM and 37% lower C in the recently burned versus unburned sites.
Normalization to noncombustible element content provides an alternative method for calculating element losses associated with wildfire. Using eq. 1 and Al for a conservative element tracer, we estimated that the Fort Greeley fire resulted in a 1421 ± 267 g/m 2 (mean ± standard error) loss of C and a 27 ± 10 g/m 2 loss of N, with smaller losses in Ca, K, Mg, and P (Table 3 ). These estimates amount to a 49% loss of C stocks in the organic horizons and a 33% decline in N stocks. The Tau calculation is not amenable to evaluation with statistics because it uses data from both the unburned and recently burned sites and so is presented here without statistical tests of burned versus unburned effects.
Soil profile observations and SOM analysis described next suggest that the mesic, humic, and mineral horizons were not significantly affected by the fire. Organic layer soil depth was approximately 10.4 ± 2.2 cm on the unburned site and 3.2 ± 0.5 cm on the recently burned site. Total SOM mass, in contrast, was 5560 ± 675 g/m 2 on the unburned site and 3119 ± 578 kg/m 2 . Soil depth changes were extremely variable across the landscape because of variation in prefire depth and heterogeneous burn patterns. However, overall, the loss of these surface horizons and visual observations of fire impacts indicate that the Donnelly Flats fire typically burned through the dead moss horizon and partially into the fibric horizon (Table 1) . In places where severity was high, there were visible patches of mineral soil, and in other areas hummocks of partially combusted SOM remained. There was little influence of the wildfire on the C and N contents or ratios of the deeper soil horizons, a result that is consistent with other measurements described next.
The distribution of elements through the surface horizons was influenced by both organic soil depth (Wilks' λ = 0.308, F = 38.49, p < 0.001) and fire (Wilks' λ = 0.722, F = 6.60, p < 0.001). There was a trend toward lower C and N and base cation concentrations on the surface soils of burned sites. In all cases, the collapse of soil layers in recently burned soils leads to a general increase in the element concentration of shallow burned soils compared with soils at similar heights above the mineral horizon in unburned soils (Fig. 1) .
Changes in composition and structure of soils
Wildfire increased the ratio of C to combustible SOM in soils, indicating structural changes or preferential loss and retention of SOM. In the surface soils (dead moss and fibric horizons) of the plots discussed previously, there was a significant change in the ratio of C content to combustible SOM (LOI) in burned versus unburned soils (Fig. 2) . Burned soils had significantly higher C:LOI ratios than did unburned surface layers (F = 32.47, p < 0.001), and there was a significant burn × layer interaction that reflected a larger effect in the dead moss layer than in the fibric horizon (F = 10.00, p = 0.005) (Fig. 2) .
The changes in C:LOI ratios across the replicated plots are similar to those found using the detailed chemical analyses of burned and unburned soils in two unreplicated profiles. TG analysis of soils illustrated a loss of thermally labile material in the recently burned soils compared with soils at the unburned site (Fig. 3) . Comparison of the fraction of SOM in the three S bands in the surface horizon illustrate a 42% decline in the most thermally labile band (S1) in burned versus unburned soils along with a 34% increase in the more thermally labile S2 band and a 55% increase in the S3 band.
Py-GC-MS analyses also suggest that the primary compositional changes due to burning occurred in the surface soils of the sites with substantially smaller changes in subsurface horizons. Qualitative analysis of py-GC-MS results for the two profiles suggest that the compounds most affected by fire were derived from polysaccharide sources (50% lower values in the recently burned dead moss versus unburned dead moss layers), while both lignin and lipid components were present in 2-to 5-fold higher concentrations in the upper horizon of burned versus unburned surface soils (Fig. 3) .
Discussion
The 1999 wildfire at Donnelly Flats, Alaska, resulted in moderate losses of soil C to the atmosphere. The average loss of between 1071 and 1421 g C/m 2 represents a large proportion of the surface SOM contained in the organic horizons at these well-drained sites, although uncertainty associated with soil loss estimates are large. Prefire spatial variation in surface SOM content, and variation of the fraction of C consumed during burning, have been cited as the two major contributors to uncertainty in ecosystem C loss estimates (French et al. 2004) . From this study, we observed that the largest contribution to the uncertainty estimate in C loss was variation in deeper (mesic or Oe) layer soil C content, because this layer is both variable in C density and deep enough in the soil that it is influenced by varying burn severity. For these reasons, which unfortunately are difficult to overcome logistically or analytically, soil C loss estimates from boreal Can. J. For. Res. Vol. 35, 2005 Note: Tau-based loss estimates are based on composite fuel calculations of six replicate profiles using Al as the stable constituent. See Materials and methods for more information. Error estimate methodology for this site is described in Materials and methods. Stock comparisons are based on simple comparison of differences in the organic horizon element stocks between the two sites. Table 3 . Loss estimates for soil organic matter (SOM), C, and nutrients between recently burned and unburned sites based on differences between control and burned sites (values in parentheses are standard errors).
systems will likely remain highly uncertain for some time to come. Stock-based estimates and chemical mass balance approaches (Tau; eq. 1) gave different results (Table 3) , and both approaches have limitations. The Tau-based approach is problematic because an average is used for the unburned site; perhaps a more realistic method could be developed in which calculations incorporate variations in elemental and physical parameters at the control site. Currently, the method for Tau underestimates the variation associated with the heterogeneity of surface soil layers. The benefit of the Tau-based approach, however, is that it best controls for the effects of variable combustion by normalizing burned site variation to noncombustible elements. Direct comparisons of stocks almost inevitably result in very high errors because of all the reasons discussed previously (heterogeneity, variable burn intensity, etc). Last, prescribed fires, in which pre-and postburn measurements are replicated (a rare occurrence in wildfire studies), are also imperfect because destructive sampling precludes true pre-versus post-burn sampling. Therefore, a range of fire combustion estimates may be required to bracket the uncertainty in fire loss estimates.
The wildfire at Donnelly Flats resulted in losses of up to 50% of soil C. The fraction of ground fuels burned in wildfires in the Alaska region can reach 60%-90% on well-drained sites (Stocks and Kauffman 1997; Kasischke et al. 2002) . It is rare for fires to consume all SOM above the mineral horizon, and the roughly 30%-50% loss of surface SOM in this study represents a significant loss of C. However, the soils are also well drained and store less ground fuel than many boreal forest soils. For comparison, using the Tau-based C loss estimates, it was estimated that 768 ± 1013 g C/m 2 (mean ± standard deviation (SD)) (data of Manies et al. 2004 ) was lost from wetter areas burned during the same 1999 Donnelly Flats wildfire and 926 ± 860 g C/m 2 (mean ± SD) was lost from soils during the1999 Frostfire Experimental Burn .
Wildfire can dramatically alter the concentrations, forms, and depth distribution of nutrients in soils. Boreal fires can result in large declines in total and available soil N pools (Brais et al. 2000; Harden et al. 2002; Treseder et al. 2004) . N losses occurred during the Donnelly Flats fire, with a total decline of 33% in soil N stocks based on eq. 1, though this study also illustrates the difficulty in showing statistically significant changes in N stocks in heterogeneous ecosystems. Over decades to centuries, combustion of N stocks can amount to large losses from boreal ecosystems (Harden et al. 2003) ; however, increases in base cation and P availability may mitigate those effects, particularly insofar as P influences N fixation rates (e.g., Vitousek et al. 2002) . By contrast, input of nutrients from the tree canopy can also increase nutrient content of postburn soils Brais et al. 2000) . One major contrast between the Frostfire study ) and this study is that the Frostfire sampling took place immediately after the fire and this study occurred 1 year following the burn. The Donnelly Flats fire area is exposed to very high winds and, with reduced vegetation cover after fires, could experience significant wind and water erosion of soils. For the Donnelly Flats fire, the net effect of wildfire on Ca, Mg, K, and P stocks is relatively small (Table 3) , perhaps because of interactions between physical processes that enrich and deplete surface nutrient stocks. Given increases in Al and Fe contents in soils following fire in this study (data not shown) and others (e.g., Harden et al. 2004) , and the strong potential for Fe and Al oxides to reduce P availability in boreal systems (Giesler et al. 2002) , the mechanisms controlling nutrient availability in boreal soils, including the potential for losses after wildfire, deserve additional attention.
The Donnelly Flats fire provides a good opportunity to examine SOM changes to organic compounds and C chemistry. In this study, we used C:LOI ratios, TG, and py-GC-MS to examine soil characteristics in both burned and unburned soils. Both Harden et al. (2004) and the present study show increased ratios of C: LOI in a comparison of burned to unburned soils, which is consistent with higher fractional losses of SOM than C. This result suggests a decrease in the oxidation state of SOM during fire (Howard et al. 1998 ) that may coincide with specific chemical changes in surface layers. The concentration of most specific organic compounds, for example, was lower in burned than unburned surface layers; however, compounds derived from polysaccharides had higher proportional combustion than those derived from lignins or lipids. Preferential loss of polysaccharides may help to explain the mechanism behind increasing C:LOI ratios following fire. We also observed increased abundance of short-chain (<C25) aliphatic materials in postburn surface soil, which is consistent with thermal decomposition of long-chain molecules observed in other studies (e.g., Gonzalez-Vila et al. 2001; Almendros et al. 1988 ) and also consistent with a higher C:LOI ratio in burned soils relative to unburned soils. The TG spectra illustrate that the compounds that volatilize in the S1 band (150-300) are preferentially depleted in burned versus unburned soils, but that there is a small relative increase in the proportion of mass that combusts at higher temperatures (S2 and S3 bands) in burned soils. Similar results were found using TG in analysis of wildfire effects in replicate burned and unburned samples by Harden et al. (2004) and in controlled laboratory studies by Salgado et al. (2004) .
Both the LOI and py-GC-MS techniques used in this study demonstrate heating effects below 600°C that may be indicative of wildfire effects. Py-GC-MS and TG analyses can be difficult to interpret because both techniques can produce daughter compounds during the pyrolyzation process, and these newly created compounds can create difficulties in ascribing changes to a natural process (wildfire) versus an ana- Fig. 2 . Ratio of carbon to organic matter in recently burned and unburned soils. Higher numbers indicate a greater proportion of carbon in organic matter relative to other elements, particularly hydrogen and oxygen. Differing letters above columns signify statistically significant differences between means based on a post hoc highly significant difference test for unequal sample sizes. lytical process (pyrolysis) (Pouwels et al. 1989) . Nevertheless, the difference in thermally labile compounds between unburned and burned surface layers indicates that a structural change in SOM did occur during wildfire (Fig. 3) . Many other studies, using different analytical techniques, have found large increases in aromatic content following fires (e.g., Czimczik et al. 2003; Almendros et al. 1988; Baldock and Smernik 2002) , and our study further supports these findings. The loss of thermally labile polysaccharides, for example, and the proportional increase in aromatic and aliphatic compounds very likely represent a conversion of soils from more biologically labile materials to more recalcitrant compounds (Gleixner et al. 2002) . In this sense, wildfire may preferentially trigger the release of biologically active compounds in soils that would, in the absence of fire, have relatively short turnover times. These changes illustrate the potential utility (and limitations) to the use of techniques such as py-GC-MS and TG in fire studies. While the techniques used here cannot offer significant insight into the processes involved in highly recalcitrant aromatic C creation during fire, they can provide a better understanding of the changes that occur in the more thermally (and presumably biologically) labile fraction of SOM with fire. More work is needed to fully understand the biological relevance of structural changes in SOM with fire and to reduce the time-intensive analysis of py-GC-MS techniques so that they may be applied in an ecologically meaningful way.
Conclusions
The Donnelly Flats wildfire in 1999 was responsible for the combustion of approximately 1071-1450 g C/m 2 , with substantial uncertainty associated with the estimate because of (1) spatial variation in fire intensity and (2) variable depth, bulk density, and C content of the soil mesic horizon in this boreal forest. Wildfire impacts on soils were primarily lim- Fig. 3 . Characteristics of soil organic matter (SOM) in a burned and unburned soil profile. Part (A) shows the fraction of SOM derived from known precursor molecules measured by pyrolysis gas chromatography -mass spectroscopy. Totals do not sum to 100% because of the contribution of unknown compounds and because compounds with indeterminate origins are not included in the total. All values are normalized to the combustible material in the soil sample so as to reflect proportional contributions of the compounds to SOM. Part (B) shows the fraction of SOM that is combustible in three different temperature bands, labeled S1, S2, and S3. Data from (B) are based on analysis by thermogravimetry.
ited to the surface soil horizons. There were indications of large N losses, but smaller changes in the stocks of Ca, K, Mg, and P 1 year following fire. For all these elements, fire significantly altered the distribution of nutrient concentrations through the soil profile, with an increase in concentrations near the surface of recently burned soils. Comparisons of C to combustible SOM (LOI), TG, and py-GC-MS analyses of SOM structure suggest that structural changes in surface SOM, even in this moderate-intensity fire, were largely associated with the surface horizon. Characterization of the SOM suggests that compounds with relatively low boiling points and specifically compounds with polysaccharide precursor molecules were preferentially lost, while lipid-and lignin-derived compounds were most likely to remain in soils following fire.
